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Spintronics is the science and technology that strives to utilize both spin and charge 
degrees of freedom to mainly information technologies such as magnetic recording and 
solid state memories. Up to now, magnetic heterostructures consisting of magnetic and 
non-magnetic materials that display the giant magnetoresistance (GMR) devices, have 
been central to the studies of spintronic phenomena such as magnetoresistance and 
spin transfer torque that are governed by the exchange interactions. However, recently 
the notion surfaces that the spin-orbit coupling (SOC) in heavy metals (HMs) can play 
an active role in the generation and detection of spin currents, prominent examples 
being the spin Hall effect (SHE) and its inverse (ISHE). The combination of the 
（別紙様式５）                                       
exchange interactions and SOC allows efficient of spin-charge conversion and 
generates novel phenomena in magnetic heterostructures that include ferro-/ferri- 
magnetic insulators (FIs), topological insulators (TIs), and antiferromagnets (AFs). 
The Y3Fe5O12 (YIG) is a FI and has attracted much attention as a new spintronic 
material for magnetic information technology because of its very low magnetization 
damping. Nearly-dissipationless propagation of spin waves makes YIG interesting for 
low power data transmission and logic devices. The discovery that the magnetization in 
YIG can be excited electrically and thermally by contacts made from HMs such as Pt 
allows the integration of YIG into electronic circuits.Also, the spin Hall 
magnetoresistance (SMR) has recently been discovered in bilayers made from HMs 
such as Pt and FIs such as YIG. The SMR can be explained by the simultaneous action 
of the SHE and ISHE that is modulated by the spin transfer effect at the HM|FI 
interface. It is an easy non-invasive method to measure the equilibrium magnetization 
texture of magnetic insulators. Unfortunately, the reported SMR ratios are quite small 
(of the order of 10-4), being proportional to the squared spin Hall angle which is 
typically less than 10%. On the other hand, TIs are naturally relevant in this context 
due to the strong SOC and the spin-momentum locking in their surface states, which 
promises very large spin-charge conversion efficiency. However, it has been unclear 
whether the unusually effective conversion is dominated by bulk or surface states.More 
recently, AFs appear to have many of the functionalities of ferromagnets that are 
useful in spintronic circuits and devices. In AFs the total magnetic moment is (almost) 
completely compensated on an atomic length scale. The AF order parameter is, hence, 
robust against perturbations such as external magnetic fields and do not generate 
stray fields themselves either. A spintronic technology based on AF elements is 
therefore very attractive. Drawbacks are the difficulty to control AFs by magnetic fields 
and much higher (THz) resonance frequencies that do not match with conventional 
electronic circuits. 
 
In Chapter 2 of this thesis, we introduce a method that employs the SMR to study 
not only the static but also the dynamics of the YIG magnetization, avoiding the 
problematic critical current issues that plague conventional current-induced 
magnetization probes. We study the alternating current-induced magnetization 
dynamics of a magnetic insulator, such as YIG, through the spin transfer of the SHE 
current in HM contacts, i.e. the current-induced spin torque ferromagnetic resonance 
(ST-FMR). We developed a model based on drift-diffusion spin transport in the HM 
with quantum mechanical boundary conditions to YIG. The magnetization dynamics is 
treated by the Landau-Lifshitz-Gilbert (LLG) equation with a current-induced 
oscillating spin transfer torque. Both the inverse spin Hall effect induced by spin 
pumping and a rectified voltage induced by the SMR generate a dc voltage. We model 
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the ST-FMR for all magnetization directions and in the presence of (anti)damping-like 
and field-like spin-orbit torques. Recent experiments confirmed the model predictions, 
unequivocally proving the existence of a spin transfer torque on magnetic insulators. 
 
Aiming to enhance the magnitude of proximity induced magnetization phenomena, 
we theoretically study two-dimensional Dirac electrons as found on the surface of 
three-dimensional topological insulators (3D TIs) on top of a FI. The electric transport 
properties of bilayers of 3D TIs with (metallic) ferromagnets have been interpreted in 
terms of very large spin Hall angles, but interpretation is difficult because of current 
paths through the magnet. Also, the SMR mechanism discussed above does not hold for 
two-dimensional materials. Instead, a MR can be generated by an induced proximity 
exchange potential (or equilibrium MPE) that is controlled by the magnetization 
direction. We calculate an electric conductivity by Boltzmann and Kubo theories. The 
induced exchange splitting is found to generate an electric resistance that depends on 
the magnetization orientation, but its form is very different from the SMR. For in-plane 
magnetizations, the MR vanishes identically in the presence of non-magnetic 
impurities, while we do find an in-plane MR in the presence of magnetic impurities 
aligned with the FI magnetization, which can be explained by the spin-momentum 
locking. Our model suggests that an experimental in-plane MR can give important 
information about the quality of the TI|FI interface.  
 
In order to clarify how the antiferromagnetic order parameter is affected by a spin 
current, we focus on the simplest of the synthetic antiferromagnets (SyAFs), i.e. the 
antiferromagnetically exchange-coupled spin valve. While much higher (~THz) 
resonance frequencies of natural AFs make AFs themselves difficulty to match with 
conventional electronic circuits, SyAFs have the features of natural AFs but with easily 
accessible resonant frequencies that are tunable by weak magnetic fields. We therefore 
develop the theory for magnetization dynamics and damping of the SyAF based on the 
LLG equation with mutual pumping of spin currents based on the spin-diffusion model 
with quantum mechanical boundary conditions. We obtain analytic expressions for the 
linewidths of magnetic resonant modes (acoustic and optical) for magnetizations canted 
by applied magnetic fields. It is found that noncollinear magnetizations induce an 
additional damping and that FMR linewidths strongly depend on the type of the 
resonant modes. Our calculated results compare favorably with experiments. We also 
investigate the out-oscillation in nano-pillar geometries with a free composite SyAF on 
the HM. SyAF can be excited into steady-state oscillation by the SHE without external 
magnetic fields. Based on the above model, we determine the stability of 
auto-oscillation states in the space parameterized by an applied current density and 
the interlayer RKKY coupling. 
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論文審査の結果の要旨 
 
 
最近、物質中のスピン軌道相互作用を積極的に利用した磁化ダイナミクスの制御や新規な磁気
抵抗効果がスピントロニクスの分野で研究されている。交換相互作用とスピン軌道相互作用を組
み合わせることで、スピン-電荷が結合した新規な物理現象を実現することができる。近年、強磁
性絶縁体である Y3Fe5O12（YIG）が新規なスピントロニクス材料として注目されている。この物
質の特徴は、磁化ダイナミクスの緩和を決める磁気緩和定数が 10-5 オ－ダーと非常に小さいこと
である。この性質と強いスピン軌道相互作用を有する Pt との接合を利用して、YIG の磁化（スピ
ン波）を電気的に励起できることが実験で報告された。YIG は磁気緩和定数が小さいため、この
ようなスピン波励起の手法は低消費電力なデータ伝送への応用が期待される。しかし、実験で報
告されたスピン波励起は閾値電流を有しており、非線形な現象である。そのため、その原因究明
を目的とした Pt/YIG 系の更なる調査が求められている。 
本研究では、非磁性金属（Pt）と強磁性絶縁体（YIG）からなる二層膜において、電流による磁
化ダイナミクスを記述する理論を構築した。Pt 層に交流を流すことで、スピンホール効果により
YIG 層との界面に時間変動するスピン蓄積が生じる。このスピン蓄積が界面での交換相互作用を
介して、YIG の磁化に対する共鳴磁場として作用する。これにより、磁化ダイナミクスが生じる
ためスピンホール磁気抵抗効果を通じて Pt の電気抵抗に振動成分が現れる。 
強磁性絶縁体/トポロジカル絶縁体（TI）二層膜における電気伝導を近接磁気効果に基づいて調
べた。TI の表面状態では、スピンと運動量の向きが互いに直交するように結合している（スピン
運動量ロッキング）。そこで、TI 表面のスピン蓄積と強磁性絶縁体の磁化との交換相互作用を介
すことで、磁化により電気抵抗を制御することができる。計算手法として、ボルツマンの輸送理
論により非磁性不純物と磁性不純物の両方に対して電気伝導度を計算し、抵抗変化率を評価した。 
千葉貴裕氏提出の論文は強磁性絶縁体の磁化を電流による線形応答として励起できることを理
論的に明示し、この予測を実験研究者との緊密な共同研究で実証した。これらの成果は磁性絶縁
体を用いたスピントロニクスの新しい分野を切り開くものであり、学問的に高く評価される。 
よって、博士（理学）の学位論文として合格と認める。 
